Animals use sensory communication to locate conspecifics, food, shelter, and avoid predators. Using urine visualization techniques as well as Digital Particle Illumination Velocimetry, we examined the role of urinary signals and current generations during social interactions of male and female crayfish. Both reproductive and non-reproductive crayfish were paired to gain a better understanding of how reproductive state influences communication. Analyses of agonistic and mating events were paired in time with recorded urine release and current generation, illustrating a correlation of chemical communication with ritualized social behavior. Four treatment groups were run with specific combinations of different reproductive status: (1) both opponents reproductively active, (2) only the male in reproductive, (3) only the female reproductive, or (4) both opponents non-reproductive. Results showed differences between treatment groups in urine release, current generation, and social behavior. Within reproductive pairings, both the male and female crayfish generated currents and released urine at higher rates than those in other treatment groups. Urine was released most often when opponents were in chelae contact with each other and these releases were often accompanied by anterior current generation. In addition, communication was different in reproductive trials where mating occurred. Overall, the results indicate that the use of hydrodynamic and chemical signals changes as a function of reproductive state and that this change in communication probably indicates readiness to mate.
Introduction
Communication as defined by Wilson (1975) is an action by an organism that alters the probability of behavior in another organism in an adaptive fashion. Enquist (1985) defines communication by explaining it in the reverse sense: if there is no communication taking place, there is no correlation between the sender's and receiver's behavior. Finally, Bradbury & Vehrencamp (1998) argue that information exchange must benefit both the sender and the receiver to be called communication. In all of these definitions, the sending animal determines when, where, and/or how a signal is released into the environment. This concept of communication is refined by Maynard Smith & Harper (2003) who differentiated a cue from a signal. While a cue still provides information, it is not adapted for that function. This distinction allows for an improved understanding of the selective pressures that shape communication between individuals. This need for understanding is highlighted within chemical communication in crustaceans.
The role of chemical signals in aggressive encounters has been the subject of a number of recent studies. In particular, social communication has been studied extensively in decapod crustaceans (Caldwell & Dingle 1979; Breithaupt & Atema 1993; Snyder et al. 1993; Breithaupt et al. 1999; Breithaupt & Atema 2000; Bergman et al. 2003; Delgado-Morales et al. 2004; Raethke et al. 2004 ). Dominance status and aggression level have been shown to be communicated through chemical means in numerous decapod species including the American lobster (Homarus americanus), mantis shrimp (Gonodactylus viridis), and crayfish (Orconectes rusticus, Procambarus clarkii) (Caldwell & Dingle 1979; Karavanich & Atema 1998a; . Breithaupt & Atema (1993 found that the American lobster actively used urinary signals in male-male agonistic interactions. Karavanich & Atema (1998b) showed this urine release could be used for individual recognition in the lobster as well. Zulandt Schneider et al. (2001) showed the same in O. rusticus, where males use urinary signals for individual and dominance status recognition in their opponents. Specifically, male crayfish release urine from their nephropores during social interactions and the presence of this chemical signal influences the outcome of the agonistic interaction (Zulandt Schneider et al. 1999 , 2001 Zulandt Schneider & Moore 2000; . It is believed that these signals have evolved to provide information that will reduce the risk of injury and fatalities within agonistic encounters. Little work has been carried out to elucidate the relationship between the chemical signals used in male-male agonistic contests with the signals used in male-female agonistic contests and malefemale reproductive encounters. Investigations of male-female interactions could provide critical insight into the evolution of these urinary signals and provide insight into their use in behavioral situations.
While communication in male-male agonistic interactions in crustaceans has been studied extensively, investigations into the role of the chemical signals in male-female interactions, including both reproductive and agonistic interactions are lacking. Chemical communication has been implicated in reproductive signaling. Bushmann & Atema (2000) and Snyder et al. (1993) demonstrated the use of chemical signals in mate location by the American lobster. Studies have also implicated chemical com-munication during reproductive activities for the spiny lobster (Jasus edwardsii), the signal crayfish (Pacifastacus leniusculus), and the rusty crayfish (O. rusticus) (Stebbing et al. 2003; Raethke et al. 2004; Belanger & Moore 2006, respectively) . Dunham & Oh (1992) showed gender identification through chemical means in the crayfish P. clarkii, while Hazlett (1985) demonstrated both gender and reproductive state identification in O. virilis. Finally, there is evidence for the role of pheromones in the mating behavior of crustaceans (Ryan 1966; Dunham 1988; Bamber & Naylor 1997; Sneddon et al. 2003; Pecor 2006) . It is clear from these studies that crustaceans use chemicals to gain information about an individual's gender, reproductive status, and possibly reproductive readiness or receptivity.
While it is clear that the presence of pheromones has the ability to manipulate aggressive or reproductive behavior (Ameyaw-Akumfi & Hazlett 1975; Dunham & Oh 1992) , it is not clear whether these chemicals are functioning as signals, cues, or as primers of reproductive behaviors (as defined by Maynard Smith & Harper 2003) . For example, these chemicals may not function as carriers of information per se, but serve to prime the physiology of crustaceans for reproduction similar to social pheromones in honeybees (Gadagkar 1997) . As the exact role of pheromones is unknown in male-female communications, we designed a series of expts to investigate the dynamic role of chemical and hydrodynamic signals during male-female interactions. Specifically, we wanted to investigate the role of these signals as carriers of information in four different combinations of male-female pairings that would commonly occur in nature.
In O. rusticus, both males and females annually moult between reproductive and non-reproductive forms. Subtle differences in the timing of the male and female moults between reproductive forms results in populations of temporarily mixed reproductive and non-reproductive crayfish. Thus, we predict that differences exist in the communication strategies that individuals employ depending on the reproductive status. Pairing male and female crayfish in differing combinations of reproductive form allowed us to test the following questions: (1) are urinary and hydrodynamic signals coupled as sources of information during male-female agonistic interactions, (2) do changes in the reproductive state of either the male and female affect the behavioral use of these signals, and (3) does a detailed analysis of communication indicate that these signals convey important information about agonistic decisions for non-reproductive forms of crayfish and reproductive decisions when crayfish are receptive, e.g. mate choice?
Methods

Animals
Crayfish, O. rusticus, were collected from two habitats and housed in two different laboratories. In the first group, male and female crayfish were collected from Maple Bay in Burt Lake, Michigan (lat. 45°28¢N, long. 84°40¢W) from Jun. to Aug. 2005. Intermoult, sexually active and inactive crayfish were physically and socially isolated in flow-through tanks supplied with fresh lake water. Crayfish were housed at the University of Michigan Biological Station (UMBS) in semi-natural conditions, where they were exposed to natural light and temperature fluctuations (approx. 14:10 light:dark cycle and 20-22°C lake water). Crayfish diet consisted of detrital material introduced from the circulating lake water. In the second group, male and female, crayfish were collected from Portage River, Wood County, Ohio (lat. 41°37¢N, long. 83°65¢W) from Aug. to Oct. 2005. Intermoult, sexually active and inactive crayfish were physically and socially isolated in flow-through tanks in an environmental chamber at Bowling Green State University (BGSU) with regulated temperature (21°C) and light:dark cycle (14:10). Crayfish were fed one commercial rabbit pellet three times per week. Under both conditions, crayfish were physically and socially isolated for a minimum of 1 wk prior to use in behavioral trials to eliminate all effects from previous social interactions ( Karavanich & Atema 1998b; Zulandt Schneider et al. 2001) . Crayfish interacted only with a partner from the same origin (UMBS or BGSU) to negate any differences due to place of origin that might have been present. These two sites are approx. 480 km apart with the UMBS almost directly north from the BGSU collection site. Description of the distribution of these two groups within the treatments and statistical analysis of the behavior exhibited by these two groups is given below.
Michigan classifies the crayfish, O. rusticus, as an invasive species. Our collecting permits require that we euthanize all animals once we are performed with our expts. Thus, crayfish were monitored for 3 wk after our expts to determine any ill-effects as a result of dye injections (see below) and then euthanized. Within Ohio, this crayfish is not considered an invasive species so all animals were returned to their native habitat after their health was monitored for 3 wk.
Identification of Reproductive Status
Both male and female crayfish were classified according to their reproductive state based on their external morphology. Form II (non-reproductive) males were present during the summer, when mating does not typically occur (Berrill & Arsenault 1984) . They were characterized as having reduced ischial hooks, used in grasping the female during copulation, and cornified stylets, used in spermatophore delivery, that are shorter and thicker than those of form I (reproductive) males (Crocker & Barr 1968; Hobbs 1974;  Fig. 1 ). Form I males ( Fig. 1) were present from late summer to spring (Crocker & 1968; Hobbs 1974; Berrill & Arsenault 1982) . They were distinguished by their sharply pointed copulatory stylets as well as larger, more defined ischial hooks (Crocker & Barr 1968; Hobbs 1974) .
Females without glair were considered to be reproductively inactive and were present between May and Sept. (Wetzel 2002) . Females became sexually active in the early fall (Berrill & Arsenault 1984) . Glair glands became visible during this stage and could be seen as a whitened tissue on the underside of the female's tail (Fig. 2) . Glair is thought to be used in the protection of eggs during excretion and is utilized for attachment to the female's swimmerets (Wetzel 2002) . During the late summer and early fall, male and female crayfish of both forms could be found simultaneously.
Experimental Treatments
To elucidate any potential differences between current production, urine release and social behavior as a consequence of the different reproductive states in crayfish, four different experimental combinations were used in our behavioral studies (n ¼ number of urine positive trials of the total number of trials run, see conditions for a urine positive trial below). Hereafter, these are referred to as treatments: l II + N -non-reproductive (form II) male paired with non-reproductive (Non-glair) female; n ¼ 11 of 16 trials. All crayfish originated from UMBS. Statistical analysis comparing behavior and urine release within the I + G and the II + G groups showed no significant differences in these measures related to origin of collection. (anova; male: n ¼ 39, F ¼ 2.151, p ¼ 0.1125; female: n ¼ 39, F ¼ 1.068, p ¼ 0.3760). Thus, crayfish from BGSU and UMBS were grouped for final statistical analysis regardless of origin for the I + G and the II + G groups. Additionally, Bergman et al. (2006) showed that under non-flowing conditions, the two populations of crayfish from BGSU and UMBS did not differ behaviorally.
For experimental treatments involving crayfish in both their reproductive or non-reproductive forms, crayfish were size-matched within 10% for carapace length and weight (Daws et al. 2002) . When possible, chelae length was also matched within 10%. Due to morphological differences in the length of the chelae in reproductively active males, size matching became difficult. For trials using form I males, chelae were no more than 30% larger than the chelae of the female crayfish. Mean (AESEM) Glair is thought to be used in the protection of eggs during excretion and is utilized for attachment to the female's swimmerets.
carapace length, chelae length and weight of all crayfish was as follows: carapace 3.72 AE 0.050 cm, chelae 3.26 AE 0.084 cm, and weight 17.59 AE 0.756 g. A total of 146 animals were used during the course of the expt, with each crayfish used only once.
Experimental Set-Up
The experimental setup, including tank, cameras, and black lights can be seen in Fig. 3 . A glass aquarium (23 · 24 · 23 cm) was positioned centrally on a wooden and Plexiglas stand. A moveable digital video camera (Canon XL-1, Canon, Lake Success, NY, USA) was used in front of the tank to focus on the anterior nephropore region of the two crayfish to capture urine release. A second stationary camera (Sony DCR-TRV900, Sony, Pittsburgh, PA, USA) was positioned underneath the tank for a second view of urine release, as well as to capture social behavior and current generation (see below). The cameras were temporally synchronized using a laser flash which was simultaneously recorded on both videos. Two black lights (15 W -GE #F15T8, General Electric, Cincinnati, Ohio, USA), mounted above the tank, were used to maximize the illumination of dye released with the urine (see Urine Visualization Techniques). In addition, two slide projectors (Kodak Ektra Graphic IIIA, Kodak, Rochester, NY, USA) were placed roughly 70 cm from the tank (Fig. 3 ). These were used to pass two thin beams of light through the tank to create a level plane of light 1.25 cm above the base of the tank. The plane of light illuminated particles that were moved due to crayfish maxilliped movements, gill action, or by urine projection from the nephropores. The light plane was created by inserting slides that had a thin horizontal slit ($15 lm) into the slide projectors which were placed on either side of the tank. Trials were performed in a darkened room with the black lights and slide projectors as the only sources of light. Test tanks were cleaned and filled with fresh water in between each trial to remove any residue from the previous trial. This setup, for differential particle illumination velocimetry (DPIV) and urine release detection, was similar to the design of Breithaupt & Ayers (1996 and .
In each trial, the male was marked with correction fluid on the ventral and dorsal sides of the chelae for identification during analysis. This type of marking method has been previously used and does not alter any of the behavioral outputs of the crayfish. For each trial, two size-matched, naïve crayfish (one male and one female) were separated visually, hydrodynamically, mechanically, and chemically and allowed to acclimate in the test tank for 15 min. The divider between the crayfish was then removed and the crayfish were allowed to interact for 20 min. Each trial was recorded from front and bottom views to provide a detailed analysis of all behaviors.
Urine Visualization-Injection Technique
We adopted a technique tested by Breithaupt & Eger (2002) and modified by to visualize urine release during male-female interactions. A 3 ppt sodium fluorescein (Sigma F-6377, Sigma-Aldrich, St. Louis, MO, USA) solution dissolved in crayfish ringers (205 mmol/l NaCl, 5.4 mmol/l KCl, 13.5 mmol/l CaCl 2 , 5.6 mmol/l MgCl 2 , and 2.4 mmol/l HEPES) was injected at a dose of 0.01 ml per gram body mass into the pericardial region of the crayfish. Preparation for injection entails drying a portion of the carapace followed by placement of a small strip of labeling tape over the injection site (dorsal carapace). A 1-ml syringe with a 26.5-gauge needle was used to inject the dye solution through a pierced hole in the carapace. The needle was then removed and an additional piece of tape and superglue was placed over the needle hole. After a male and female crayfish were injected, they were allowed a 1-to 4-h acclimation period (Breithaupt & Eger 2002; ; 14 of 160 crayfish died during this procedure. Most (12 of 14) of these deaths occurred early in the behavioral trials during which injection techniques were being perfected. Pilot studies (anova; n ¼ 8, p ¼ 0.579) and subsequent behavioral analysis showed that this handling procedure and injection of dye did not significantly alter crayfish social interactions. In addition, all crayfish were monitored for abnormal behavior or health problems for at least 3 wk following use in this study. None of the injected crayfish that survived the procedure showed any ill effects during this time period. Thus, only those crayfish that exhibited normal behavior for 3 wk after the injection procedure were included in the statistical analysis.
DPIV
Current visualization
Neutrally buoyant particles were prepared with ABS stock material (acrylonitrile butadiene styrene; GE Polymerland (General Electric, Cincinnati, OA, USA) #FCCS0CP2002RBJ; 1.10 sp. gr. at 23°C). The material was frozen with liquid nitrogen and ground using a coffee grinder (Braun #KSM2, Braun, South Boston, MA, USA). The resulting particles were then sorted using a series of mesh sieves. One teaspoon of the ground particles ($dia. <0.006 cm) was added to the test tank. After each trial, the tank was rinsed, refilled with water, and new particles were added. A comparison of crayfish social interactions in the presence of particles to other studies on behavior without particles showed that the experimental conditions caused no observable changes in the crayfish fight structure (Zulandt Schneider et al. 1999 , 2001 Bergman et al. 2003 .
Current analysis
Flow fields were analyzed by tracking particles on a video monitor. Current generation by the male and female crayfish could be seen by movement of particles away from the individual at either the anterior or posterior end of the crayfish. Anterior currents were defined as those currents that moved forward away from the head of the crayfish. These currents were generated by maxilliped movement, and possibly by gill processes or nephropore release of urine. Projection currents were defined as those currents that moved away from the tail. These currents were generated by moved of the tail and/or the modified swimmerets. Start and stop times of currents were recorded for both the male and female.
Social behavior analysis
Social behaviors were examined and correlated with communication behaviors including current generation and urine release. A behavioral analysis was performed similar to with an additional analysis of mating behavior as described in Mason (1970) to quantify the social behavior of the crayfish. Behavioral analysis of social behaviors was performed every second by a researcher blind to the conditions and using the behaviors outlined in an ethogram (Table 1) . For our study, mating was defined as occurring when the male grasp the female with his major chelae, turned the female over and held the female in this position for longer than 1 min. The initiation of mating was marked when the female was initially grasped and considered terminated when the female was either released or escaped from the males grasp. For subsequent analy-sis, the I + G treatment group was split into those trials in which mating was observed, I + G (M), and those when is was not observed, I + G (N).
Statistical Analysis
To determine if treatment group had an effect on the presence of a urine release event, a chi-squared test was performed on the number of trials in which urine release was visualized across the four groups. A trial was considered urine positive if at least one animal released urine at any point during the 20 min of interaction. All subsequent statistical analysis was preformed on the urine positive trials. To determine if treatment had an impact on the presence of mating behavior, a chi-squared analysis was conducted. When significance was detected using the chi-square, specific differences in mating attempts within reproductive pairings were investigated using a test for multiple comparisons for proportions contingency table that allows for testing analogous to the Tukey or Student-Newman-Keuls tests (q 0.05,¥,4 ¼ 3.633; Zar 1999) .
Dye released with the urine was recorded in terms of gender, total duration, and number of urine release events per trial for each crayfish. A (4 · 2) two-way factorial manova was used to test for the effects of treatment group, mating activity, and gender, on the urine releases and number of urine releases. A separate (4 · 2 · 2) three-way factorial manova was performed to test for the effects of treatment group, mating activity, gender, and current type on the differences between duration and number of currents. Fisher's post hoc test was used in instances of significant difference.
Correspondence analysis was performed to look for the temporal similarities in social behavior, urine release, and current generation (van der Heijden et al. 1990; Moyaho et al. 1995; . Correspondence analysis results were arranged into a graphical representation of social behavior, urine release, and current generation on a single graph. For the purpose of publication, these 3-D graphs are printed in two dimensions. The origin of the graph represented the expected value (mean profile) for all acts. The closer a point (social behavior, current or urine release) was to the origin; the more similar it was to the mean profile. The closer together two points were on the graph, the more correlated in time those acts were. The proximity of all points on a graph showed the degree to which the acts were synchronized in time. Correspondence analysis could not be completed on the II + N, I + N, and II + G treatment groups due to a lack of observed social behaviors, urine release, and current generation within each treatment. All statistical tests were performed using Statistica 6.0 (Statsoft, Tulsa, OK, USA) and significance is set at p < 0.05. All values reported below are mean AE SEM.
Results
Urination Rates
In the total of 73 trials run during the course of this expt, either the male and/or female crayfish released urine in 50 of those trials. Urine release was not equally distributed across reproductive pairings ( Fig. 4 ; v 2 ¼ 16.1, df ¼ 3, p < 0.01). Urine release was significantly higher when both crayfish were in reproductive forms: I + G treatment group (91%), II + G group (67%), II + N (69%), and I + N group (35%; q > 5.12 in all significant comparisons). In addition, the number of urine releases was significantly lower when the female crayfish was not in glair and the male was in reproductive form compared with the other three groups (q > 5.1 in all significant comparisons).
Mating Behavior
Mating behavior was observed only when both the male and female crayfish were in reproductive forms (I + G). Within this treatment group, mating attempts were seen in eight of 21 trials (38.1%) while none of the remaining groups (II + G, I + N, II + N) contained any mating behavior. Chi-squared analysis showed a significant difference between groups with this distribution of mating behavior (v 2 ¼ 24, df ¼ 3, p < 0.001; Fig. 5 ).
Urine Release
Overall Trials with both crayfish in reproductive pairings (I + G) showed a significant increase in both the number and duration of urine releases (Fig. 6 ; two-way manova; n ¼ 100, F ¼ 6.74, p < 0.0001). Within all pairings, there was no significant difference in either number of urine release events or duration of urine release with respect to the gen- For the I + G treatment groups, the trials was split between those where mating occurred (M) and those in which it did not (N). Bars with different letters represent statistically significant differences using a two-way factorial manova with Fisher-LSD post hoc test; p < 0.05). n ¼ 11 for II + N, 6 for I + N, 12 for II + G, and 21 for I + G. der of the signaler (two-way manova; n ¼ 100, F ¼ 1.38, p ¼ 0.256; Fig. 6 ). Additionally, there was no significant difference in the interaction between treatment group and gender of the sender for either number of urine releases or duration (two-way manova; n ¼ 100, F ¼ 1.01, p ¼ 0.420; Fig. 6 ).
Total duration of urine release
Males and females within the I + G treatment group, both those that mated and did not, demonstrated significantly longer duration of urine releases ( x AE SE; I + G non-mating males: 21.9 AE 4.8 s, I + G non-mating female: 20.5 AE 7.6 s; I + G mating males:
25.0 AE 5.0 s, I + G mating female: 18.8 AE 6.1 s; p < 0.05) than all releases by other individuals except females in II + G trials (17.7 AE 5.9 s; p > 0.05; Fig. 6a ). Males and females released urine for similar amounts of time when compared within each trial (p > 0.05; Fig. 6a ).
Number of urine release events
Males and females from the (I + G) trials released urine significantly more often than those from all other treatment groups (p < 0.05; Fig. 6b ). Males from the I + G (N and M) treatment groups released urine a significantly greater number of times when compared with all other males (p < 0.05). Females from the I + G (N and M) treatment groups released urine a significantly greater number of time when compared with all other males (p < 0.05). Within each treatment group, no statistical differences were found between males and females for the total number of urine release events (p > 0.05; Fig. 6b ).
Current Production
Overall Trials with both crayfish in reproductive forms (I + G) showed a significant increase in the duration of currents produced (Three-way factorial manova; n ¼ 100, F ¼ 24.8, p < 0.001). Crayfish, regardless of gender, produced longer anterior currents than posterior currents across all reproductive pairings (Three-way factorial manova; n ¼ 100, F ¼ 37.1, p < 0.001). There was no overall significant difference in the duration of currents between the genders (F ¼ 1.68, p ¼ 0.12), although there were significant interactions between gender and current type (F ¼ 5.40, p < 0.006), reproductive form and current type (F ¼ 24.6, p < 0.001), and gender, reproductive pairing, and current type (F ¼ 2.88, p < 0.01).
Duration of currents
Total: Both males and females in the I + G (N and M) and II + G treatment groups generated currents for a significantly longer period of time per trial than the I + N and II + N groups (Fisher-LSD post hoc tests; p < 0.05; Fig. 7a For the I + G treatment groups, the trials was split between those where mating occurred (M) and those in which it did not (N). Bars with different letters represent statistically significant differences using a two-way factorial manova with Fisher-LSD post hoc test; p < 0.05. n ¼ 11 for II + N, 6 for I + N, 12 for II + G, and 21 for I + G.
Fisher-LSD post hoc tests; p < 0.005], while males in the II + N treatment group generated currents for the least amount of time (176.1 AE 31.6 s; p < 0.005). In addition, males in the I + G (M) treatment group generated currents for a significantly longer duration of time than the females within the same treatment group (Fisher-LSD post hoc tests; p < 0.05). No such difference was seen in the I + G treatment group when mating did not occur (Fisher-LSD post hoc tests; p > 0.05; Fig. 7a ).
Posterior currents: There were significant differences based on treatment type in the generation of posterior currents. Females from the I + G (N) (246.1 AE 44.5 s; Fisher-LSD post hoc tests; p < 0.05) and II + G (437.1 AE 62.7 s; Fisher-LSD post hoc tests; p < 0.05) treatment groups spent significantly more time generating posterior currents than their male counterparts (Fig. 7b ). Females from this I + G treatment group that did not display any mating behavior (N) generated more posterior currents than females that did mate (M) (Fisher-LSD post hoc tests; p < 0.05; Fig. 7b ).
Anterior currents: Both the male and female crayfish in the I + G treatment group generated anterior currents for a significantly longer period per trial than individuals from most other treatments (Fisher-LSD post hoc tests; p < 0.01; Fig. 7c) , with the exception of the males from the II + G and the females from the I + G (M) treatment groups. Males and females in the non-reproductive treatments (II + N) generated the least amount of anterior currents (Fisher-LSD post hoc tests; p < 0.05; Fig. 7c ). Within the I + G treatment group, males generated anterior currents for longer periods of time than females, regardless of whether or not they mated (Fisher-LSD post hoc tests; p < 0.05; Fig. 7c ).
Number of currents generated
Total: There were no consistent significant differences in the number of currents generated per trial across treatment groups and between genders (Fig. 8a) . Males in the I + G treatment group that mated had the lowest total number of currents generated (9.4 AE 1.5). The females in the I + G (M) treatment group generated a similar low number of currents (13.2 AE 1.7; Fisher-LSD post hoc tests; p > 0.05).
Posterior currents: Differences in the number of posterior currents generated by males and females were significant in the I + G trials where no mating occurred (Fisher-LSD post hoc tests; p < 0.05), with females generating more posterior currents (8.2 AE 1.6) than males (3.8 AE 1.2). On average, females in the II + N (10.8 AE 2.4) and II + G (11.2 AE 1.2) generated the most posterior currents (Fig. 8b) .
Anterior currents: Males and females generated the same number of anterior currents per trial for all treatment groups (Fisher-LSD post hoc tests; p > 0.05). Males in the I + N (9.2 AE 2.1) and II + G (8.7 AE 1.3) trials generated more anterior currents than males in the II + N (4.1 AE 0.8) trials (Fisher-LSD post hoc tests; p < 0.05; Fig. 8a) . Females in the I + N trial group generated more anterior currents than females in the II + N group (Fisher-LSD post hoc tests; p < 0.05; Fig. 8c ). For the I + G treatment groups, the trials was split between those where mating occurred (M) and those in which it did not (N). Bars with different letters represent statistically significant differences using a two-way factorial manova with Fisher-LSD post hoc test; p < 0.05. n ¼ 11 for II + N, 6 for I + N, 12 for II + G, and 21 for I + G.
Correspondence Analysis
Results from the correspondence analysis showed temporal similarities between current generation, urine release, and social behavior for both males (p < 0.001) and females (p < 0.001) within the I + G treatment group (Figs 9 and 10) . For both males and females, a correlation exists between pre-urine (PreU), urine (U), and post-urine (PostU) release with anterior currents (A) and chelae contact (CC) behavior. For this set of behaviors, the female correspondence was stronger than that of the males. Correlations were also found between chelae holding (CH) behavior and anterior current generation (PreU:A, U:A, PostU:A) for males ( Fig. 9 ). Urine release in the absence of current generation (PreU:N, U:N, PostU:N), and mating (M) behavior were correlated for both the males and females (Figs 9 and 10 ).
Discussion
Our results show that the chemical and hydrodynamic communication between male and female crayfish was altered depending on the reproductive form of the individuals involved in the interaction. Use of urinary signals, as indicated by number and duration of urine release events, was significantly increased when crayfish were in reproductive state (Figs 4 and 6) . The use of currents was also significantly increased during interactions where both crayfish were in reproductive form (Figs 7 and 8 ). It appears as if both hydrodynamic and chemical signaling was correlated in time with chelae contact, chelae holds and mating events in both males and females (Figs 9 and 10 ). Finally, mating behavior was only observed in trials where both crayfish were in reproductive form ( Fig. 5 ) and in trials where chemical and hydrodynamic communication (based on number and duration of urine releases and current generations by males) was the greatest. (eigenvalue = 0.00329; inertia = 1.537%) Fig. 9 : Two-dimensional plot of row and column coordinates illustrating the male crayfish correspondence analysis of social behaviors, urine release and current generation from I + G treatment group. Triangles represent behavior; circles represent a urine release and current generation (See Table 1 for abbreviations). Circles are added to draw attention to the closest correlations in space and time. Table 1 for abbreviations). Circles are added to draw attention to the closest correlations in space and time.
Chemical Signaling Through Urine Release
Our results strongly suggest that urinary releases are used as signals during reproductive interactions and this communication is used for some aspect of mate choice. If this conclusion is true, we would predict an increase in chemical signaling when both crayfish are in reproductive form and potentially choosing mates. Almost all trials with such pairings resulted in urine release from both crayfish. This finding is supported by the fact that male crayfish (Austropotamobius pallipes) only attempt to copulate with receptive females (Villanelli & Gherardi 1998) . The most parsimonious explanation for the connection between signaling and reproductive form is that crayfish use chemical signals to provide information about their gender and/or reproductive status or to even provide information used to assess factors involved in mate choice. This has been shown in other crustaceans (Snell & Rico-Martinez 1996; Lonsdale et al. 1998; Diaz & Thiel 2004) . Previous studies support the idea of chemical recognition through chemical signals. Rahman et al. (2001) showed reproductive recognition between female big-clawed snapping shrimp (Alpheus heterochelis) and conspecific males. Gender recognition has also been demonstrated in the red swamp crayfish (P. clakii) where male crayfish win more bouts and eviction of females from their shelters depended upon reproductive status (Figler et al. 2005) . These studies did not examine how information on reproductive status was communicated or received. Moreover, Dunham & Oh (1992) showed that male crayfish (P. clarkii) became less aggressive when presented with female conditioned water (Figler et al. 2005) . Zulandt Schneider et al. (2001) and firmly established that urinary signals are important sources of social information during male-male agonistic interactions. These findings, combined with the results in this study, suggest that crayfish can recognize reproductive status and/or reproductive readiness through the use of urinary signals and alter their subsequent behavior by increasing the subsequent use of urinary and hydrodynamic signals during interactions between reproductive individuals.
A variety of aspects of these signals may be used by individuals to gather information about their opponents. Crayfish may communicate information through the temporal use of urinary or hydrodynamic signals. Our study between male and female crayfish and a similar study investigating communication between male crayfish (See Figs 4, 5, 7 and 8 in Bergman et al. 2005) provide evidence that urine release is timed with both the generation of currents and social behaviors. This indicates that the use of urine, as in number of release events and release duration, is variable and controllable. In and the work presented here, urine release was temporally coupled with anterior current production and chelae contact or grabbing. Another potential source of information in the signals quantified here is the chemical composition of the urine being released. Although we have not quantified the chemical composition of the urine, and Zulandt Schneider et al. (2001) have suggested that it is likely that the chemical composition of the urine changes based on behavioral situations in which the crayfish are involved. From this body of work, we predict that urine is the probable source of important reproductive information and that its composition changes as a function of reproductive status.
Hydrodynamic Currents Mediating Urine Signaling
In addition to differences in urine release or signaling, there were significant differences in the use of hydrodynamic signals in the form of currents. Although the number of currents generated did not differ between treatment groups, pairings in which both males and females were reproductive resulted in a dramatic increase in the duration of the anterior currents. Since reproductively active crayfish are changing how they used currents during social interactions, this indicates that currents may function to distribute urine. Female crayfish in glair that mated spent significantly less time generating posterior currents than glair females that did not mate. By decreasing the duration of posterior currents, female crayfish would increase the amount of time that urinary signals would remain in the vicinity of olfactory organs, thus increasing her exposure to odor.
By combining our three significant measures (social behavior, urine release, and current generation) into a single analysis, it is evident that there are sets of behavioral patterns correlated with urinary signals during social interactions. Correspondence analysis (Figs 9 and 10 ) examines the temporal similarities between agonistic or mating behavior, urine release, and current generation. Our analysis indicates that male and female behaviors were correlated in a similar fashion to those seen during male-male interactions by . The tightest correlation for both males and females was present with anterior current generation just prior to, during, and just after urine release while the two opponents were in chelae contact. Similarly to findings with male-male interactions (Breithaupt 2001) , we suggest that the currents do not provide information per se, but are a component of the signal that facilitates the distribution of urine toward the intended recipient of the signal.
In a similar fashion, chelae holding by reproductive males was also correlated with urine release during anterior current generation. These results are similar to Stebbing et al. (2003) and Belanger & Moore (2006) who found an increase in chelae contact by reproductive males compared with nonreproductive males in response to a female odor source. When demonstrating urine release, crayfish were typically facing each other with chelae touching their opponent. This bodily position, along with an anterior projection current, may have allowed for the most effective transmission of a chemical signal through the urine. During chelae contact and urine release, the crayfish pair usually limited their movements to antennule whips which have been shown to be an active sampling technique in gender recognition crayfish (Tierney & Dunham 1982 Dunham & Oh 1992) . In addition, recent work has shown that the major chelae may be important chemosensory organs necessary for the discrimination of reproductive odors (Belanger & Moore 2006) .
Conclusions
These results demonstrate the ability of crayfish to adapt the use of hydrodynamic and chemosensory communication as a function of their reproductive state. The male-female signaling behavior that has been quantified in detail here is similar to other work done on male-male crayfish chemical and hydrodynamic signaling (e.g. Breithaupt & Eger 2002; . The distinction with this work is the role of these signals in reproductive communication may have more immediate consequences on fitness than aggression does. Our results support the idea that urine contains a putative chemical signal used for identification of reproductive status, receptiveness, and may even be used to assess information for mate choice. In particular, it is the alternation in reproductive forms that is correlated with differences in sensory signaling, with the male reproductive crayfish preferentially increasing current generation and urine release. Finally, it is only in those trials that urine was released that mating was observed. This study shows that behavioral and communicational differences do exist between the reproductive forms for both male and female crayfish, and that urine is a likely source of information during reproductive behavior.
